Abstract: This paper reports fabrication, characterization, and testing of the thermal stability of ZnO-based Schottky ultraviolet photodetectors. The ZnO thin film was grown on a p-type Si h100i substrate by the sol-gel technique. The surface morphological and the structural properties of the thin film were studied by an atomic force microscope (AFM) and a scanning electron microscope (SEM). For the investigation of the surface chemical bonding, X-ray photoelectron spectroscopy (XPS) measurements were also performed. The I-V characteristics of the Schottky barrier photodetector were studied, and the parameters such as ideality factor, leakage current, and barrier height were extracted from the measured data at room temperature. With applied bias voltages in the range from À3 to 3 V, the contrast ratio, responsivity, detectivity, and quantum efficiency of the photodetectors were measured for an incident optical power of 0.1 mW at 365-nm wavelength. The electrical and optical study revealed that the performance of the device improves with increasing post metal deposition annealing temperature up to 100 C. The device exhibited excellent thermal stability in the annealing temperature range of 100 C to 200 C. For annealing temperatures beyond 200 C, the performance of the device degrades drastically. It was also found that at under 200 C, there is a harmonious correlation between the photoresponse and electrical characteristics of the device. Above this temperature, there is no correlation between the variations of photoresponse and electrical characteristics with increasing annealing temperature. The variation of the electrical and photoresponse properties of the Schottky photodetector subjected to different post-fabrication annealing can be attributed to the combined effects of interfacial reaction and phase transition during the annealing process.
Introduction
Measurement and monitoring of ultraviolet (UV) radiation in various military and civil situations are extremely important. UV detectors have found applications in missile warning systems, UV astronomy, ozone layer monitoring, high-temperature flame and fire detection, and environmental monitoring [1] . ZnO, which is a promising environmentally friendly material, has widely been deployed in the fabrication of UV photodetectors. It is well known that ZnO is a wide-bandgap semiconductor with a direct bandgap of 3.37 eV at 300 K, a high exciton binding energy of 60 meV, an excellent radiation hardness, and a large photoresponse. This material is inherently n-type because of the nonstoichiometry created by the presence of native donor defects, hydrogen defects, oxygen vacancies, and/or zinc interstitials [2] . However, it is difficult to obtain p-type ZnO [2] - [5] . As a result, a goodquality ZnO-based p-n junction device is extremely difficult to fabricate. On the other hand, goodquality Schottky diodes based on ZnO can be easily fabricated using inexpensive techniques. These ZnO-based Schottky barrier diodes are most promising for use as UV detectors. The high sensitivity in the short-wavelength spectral range, linearity of the dependence of the photocurrent on the incident power density, fast response, and compatibility with integrated-circuit technology make them especially attractive for such applications.
Although extensive research has been reported on ZnO-based Schottky diodes for UV detection [5] - [10] , comparatively little work has been reported on the study of thermal stability of the UV detector-based on n-ZnO Schottky contacts [5] . In particular, systematic studies of device properties of ZnO-based Schottky barrier photodetector after different post metal deposition thermal treatment have yet to be reported. The thermal instability of the Schottky diodes on n-ZnO turns out to be a major problem for this materials system. Therefore, there is an urgent need to study refractory metals with better thermal properties if these detectors are to be deployed in hightemperature electronics or lasers operating at high current densities [11] - [16] . In the present study, we report fabrication, characterization, and testing the thermal stability of Au/Cr-ZnO Schottky barrier photodetector. The devices were isochronally annealed in an oven from 50 C to 300 C in steps of 50 C for 5 min. I-V measurement followed each annealing cycle under dark and UV illumination. All measurements were recorded at room temperature (300 K).
Experiment

Preparation of ZnO Thin Film
The deposition of undoped ZnO thin film was carried out by using sol-gel technique. The substrate used for deposition was a p-Si h100i (%380 m thick) of resistivity 2-7 Á cm. Before deposition of the ZnO film over Si, the substrate was cleaned by the RCA-1 and RCA-2 aqueous cleaning processes. In the RCA-1 procedure, the cleaning agent consists of five parts deionized (DI) water, one part 27% ammonium hydroxide, and one part 30% hydrogen peroxide, while the RCA-2 cleaning mixture makes use of six parts deionized water, one part 27% hydrochloric acid, and one part 30% hydrogen peroxide. The cleaning is followed by quenching of wafer in 10 parts DI water and one part hydrofluoric acid. RCA-1 is used as a procedure for removing organic residues and certain metal contaminants, while RCA-2 is used to remove atomic and ionic contaminants. Quenching in 10 parts of DI water and one part of HF is used to strip the oxide. The deionized water (resistivity $18 M Á cm) was obtained from a DI water plant in Millipore, (Model Milli-Q, made in the United States). Finally, the substrate was dried using dry nitrogen.
In the sol-gel technique, we used zinc acetate dihydrate, which is well known as a starting material for the preparation of ZnO sols for coatings. This is a cheap material and has a good solubility as compared with alkoxides like zinc-n-propoxide in alcohols. However, zinc acetate dihydrate has only limited solubility in alcohols in the absence of other agents or heating. In the present work, 2.19 g of zinc acetate dihydrate ðZnðCH 3 COOÞ 2 :2H 2 O : ZnAc 2 :2H 2 OÞ was dissolved in 20 ml of isopropanol ððCH 3 Þ 2 CHOHÞ and 0.8 g of diethanolamine (DEA: ½CH 2 ðOHÞ:CH 2 2 NH) solution at room temperature (300 K). The DEA to zinc acetate molar ratio was kept to 1 : 1. After 1 h of stirring at room temperature, a transparent sol-gel was obtained [17] , [18] . The resultant solution thus prepared was subsequently used for coating. The films were prepared by spin coating the sol-gel on the wafers for 10 s at a speed of 1000 r/min followed by a spin for 40 s at a speed of 4000 r/min. This step was followed by preheating the coating at 100 C for 10 min on a hotplate and postheating at 450 C for 1 h. An array of eight Schottky electrodes (1 mm Â 1 mm) was created on the sample (size 2 cm Â 2 cm). Prior to direct writing on samples, the samples were postcleaned by acetone and isopropanol and heated at 100 C for 10 min in order to remove any trace solvents. For the Schottky photodiode structure, a set of Schottky electrode was patterned and repeated throughout the wafer using a laser writer (model LW405 from MICROTECH (made in Italy): 405 nm gallium nitride diode writing laser).
After direct laser writing, the pattern was developed in MF26 developer for 50 s, and the substrate was then rinsed in DI water and dried with nitrogen. Au/Cr (100 nm/14 nm) metallization was carried out by using Anelva RF Sputtering System (model SPF-332H). A thin layer of Cr was used to improve the adhesion of the Au-metal onto ZnO, and a lift-off technique was used in the fabrication. For ohmic contact, Al electrode is deposited at a distance of 1 mm from Schottky electrodes by using HINDVAC vacuum coating (made in Bangalore, India, unit model No. 15F6). Al metallization was carried out by using shadow mask technique, and the thickness monitor was set at 100 nm.
Characterization
Surface morphology of the ZnO film was studied by an atomic force microscope (AFM) and a scanning electron microscope (SEM). The surface properties of the sample, such as the surface roughness and the grain size, were measured by using AFM of NT-MDT (Model: PRO 47, made in Russia) and by using e-line by Raith GmbH (made in Germany), operating at 10 kV. For the investigation of the surface chemical bonding, X-ray photoelectron spectroscopy (XPS) measurements were performed using a VG Microtek ESCA 2000 with Mg K as the X-ray source. The obtained spectra were calibrated to a C 1-s electron peak at 285 eV. The thickness of the ZnO film was estimated to be in the range of 125-150 nm, as measured by Dektak Surface Profiler (made in the United States).
The (I-V ) characteristics were measured by using HP Semiconductor Parameter Analyzer (SPA) from Hewlett-Packard USA (Model No. 4145B) at room temperature (27 C) for the applied voltage ranging between À3 V and þ3 V under both dark and UV illuminated conditions. The devices were then isochronally annealed in an oven under air ambient in the temperature range 50 C to 300 C in steps of 50 C for 5 min. The I-V characteristics under both dark and UV illumination measurements followed each annealing cycle. The optical characteristics were obtained by using a UV lamp from BENCHMARK (made in India) operating at 365 nm and Optical power meter Model No. FOMP-101 from BENCHMARK India.
Results and Discussion
The typical AFM images (2-D and 3-D) of the prepared ZnO samples are shown in Fig. 1 . The AFM images confirm that the ZnO films grown on Si substrate are polycrystalline in nature. The AFM images clearly demonstrate the formation of vertically well-aligned ZnO nanoneedle arrays with a good surface morphology. The XRD result (not shown here) confirms formation of structure (002) c-axis orientation of ZnO film. The crystallinity and microstructure of the films are essentially determined by the grain size. The grain size was found to depend on the post-deposition annealing temperature. The grain size was found to increase with increasing annealing temperature in the 350 C-600 C range. An increase in the grain size causes the grain boundary density and carrier diffusion to decrease and the mobility of charge carrier to increase [19] , [20] . Furthermore, high temperature creates more defects such as oxygen vacancies, which increase the value of carrier concentration [21] . The annealing temperature was set at a pre-determined optimum value of 450 C in the present study. The root mean square (rms) value of roughness of the ZnO film deposited on Si substrate annealed at 450 C is measured to be 35 nm. The average grain size was measured to be 832 nm.
The SEM images of ZnO film (see Fig. 2 ) shows that its surface morphology is composed of closely packed hexagonal particles with a particle size of $20 nm. The sizes of the crystals were not uniform throughout, as can be observed from the figure. A few clusters were also found to be formed in ZnO film. A qualitative comparison of the AFM and SEM images reveal that the grains shown in the AFM images actually consist of closely packed nanoparticles of smaller sizes ($20 nm). The high resolution of SEM images as compared with the AFM counterpart reveals this important morphology of the film. This nanocrystalline structure has a special significance in the context of UV detection. The nanostructured film makes the area-to-volume ratio large which, in turn, improves the detection capability of the photodetector. Fig. 3(a) shows core level XPS spectra of O1s for typical ZnO thin film samples. The dominant peak comes from O-Zn bonds, namely, the lattice of the ZnO layer. The O1s are observed at about 531 eV, corresponding to O 2À on normal wurtzite structure of a ZnO single crystal. A shoulder observed at the higher energy side than that of the O-Zn bond is attributed to O-H bonds. Those O-H bonds are expected to exist on the surface since hydrogen atoms in ZnO are known to work as shallow donors [22] , [23] . Fig. 3(b) presents the XPS spectra in the longer wavelength region. The peaks corresponding to 1022.05 and 1045.75 eV represent Zn corresponding to 2p 3=2 and 2p 1=2 , respectively [24] . Fig. 4 shows the I-V characteristics measured in the dark at room temperature for Schottky photodiode (Au-Cr/ZnO/Al). The device apparently shows rectifying behavior. The current across a Schottky diode is governed by thermionic emission theory given by [25] 
where A is the Schottky contact area, A Ã is the effective Richardson constant (theoretically [25] , [26] , T is the absolute temperature, q is the charge of an electron, n is the ideality factor, k is the Boltzmann constant, and B is the barrier height (BH).
The values of the BH, ideality factor, saturation current, and turn-on voltage were extracted from the data of I-V characteristics of the Au-Cr/ZnO/Al contact at room temperature. The value of the ideality factor was calculated from the slope of lnðIÞ versus V plot (not shown here) in voltage range of 0.2 to 0.5 V. The value of ideality factor was estimated to be on the order of 6.7. The BH ð B Þ evaluated at room temperature (300 K) was found to be 0.7354 eV. The turn-on voltage was found to be 0.5 V, and the saturation current I S ¼ 2:26 Â 10 À8 A. Table 1 summarizes the Schottky diode parameters. It is imperative to note that the ideality factor estimated on the basis pure thermionic emission theory is significantly large and is in agreement with those reported by others [2] . This fact strongly suggests that the transport of charge carriers across a ZnO film-based Schottky contact cannot be explained purely by thermionic emission theory, as speculated by previous researchers [16] . The XPS [see Fig. 3(a) ] analysis clearly indicates the presence of O-H bonds. Further, since hydrogen atoms in ZnO are known to work as shallow donors, the O-H bonds tend to create undesirable surface states at the Schottky contact. The estimated BH for ZnO/Cr-Au Schottky 
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Performance of ZnO-Based UV Photodetectors contact is larger than reported for ZnO/Au Schottky contact by others [14] . The turn-on voltage and reverse saturation currents are also on par with those reported by others for different ZnO-based Schottky contacts [14] , [27] . The devices were subsequently tested for their photoresponse in the UV region. When the incident photons are absorbed inside ZnO thin film, electron-hole pairs are generated. The photogeneration is governed by desorption and adsorption of oxygen at the ZnO surface. In ZnO thin films, it has been understood that in the dark, oxygen is adsorbed by capturing a free electron from the surface of the n-type ZnO, creating a depletion layer near the surface of the film, which in turn reduces the film conductivity. Subsequently, photogenerated holes are drifted by the electric field in the direction of the field extending depletion layer width. These carriers move toward the surface and neutralize the adsorbed oxygen, which causes the surface conductivity to increase. This hole-trapping mechanism through oxygen adsorption and desorption has been understood to be the dominant transport process in ZnO thin films. The high density of trap states in ZnO thin film is usually found at the surface and this enhances the ZnO photoresponse. Our observations are in close agreement with those reported earlier by others [2] , [4] .
The contrast ratio is an important figure of merit of an UV detector. The contrast ratio (sensitivity) is defined as the ratio of the current under illumination to the dark current [10] . Fig. 5 shows the dependence of the contrast ratio on the reverse applied voltage under illumination by the UV light source (365 nm) at optical power level of 0.1 mW at room temperature (300 K).
In the present study, the contrast ratio (sensitivity) of the Schottky photodiode measured at room temperature was found to be 8 for an applied bias of À3 V. The physical mechanism responsible for the photoresponse in ZnO thin-film based photodetectors has been explained by Jiang et al. [6] . The high contrast ratio (sensitivity) of the detector is due to the presence of oxygen-related hole-trap states at the thin film surface, which prevents charge-carrier recombination and extends the lifetime of the holes. Also, the large surface-to-volume ratio in the nanostructure of ZnO thin films as revealed by SEM images and the presence of deep level surface trap states as indicated by XRD spectra make the photocarrier lifetime longer [2] . In fact, the combination of long lifetime and short transit time of charge carriers result in an extensive difference between current under illumination and dark current. The O/E conversion efficiency is measured by the quantum efficiency and is given by [25] 
where I ph is the photocurrent, P opt is the incident optical power, q is the electron charge, h is the Planck's constant, and is the frequency of the light. It is observed that the photodetector has a quantum efficiency 72% for a bias voltage of À3 V under UV illumination. The responsivity R is given by [25] R ¼ q hc :
The current responsitivity of the photodetector at À3 V bias voltage for UV illumination (365 nm) is measured to be 0.21 A/W. The voltage dependent detectivity ðDÞ of the device is given by [28] 
where is internal quantum efficiency, k is the Boltzmann constant, T is the temperature, and RA is the resistance-area-product of the device and can be obtained from J-V characteristics as [19] RA ¼ @J @V
The zero bias resistance-area product value ðR 0 AÞ is found to be 0.40241 ð Á m 2 Þ. The detectivity of the photodetector is estimated to be 1:45 Â 10 9 mHz 1=2 W À1 . The device performance rating of the UV photodetector is listed in Table 2 .
In order to study the thermal stability of the Au-Cr Schottky contact on ZnO, the (I-V ) characteristics of the devices were measured at room temperature as a function of different post metal deposition annealing temperatures in the range 50-300 C under dark and UV illuminated conditions. The values of the ideality factor and Schottky BH have been found from the characteristics after different annealing treatments, and are plotted in Fig. 6 . The BH was approximately a constant (0.749 AE 0.006) within the limits of the experimental error up to an annealing temperature of 200 C. The BH then rises to (0.764 AE 0.001) eV when annealed at 200 C. The ideality factor reaches a minimum value after annealing at the optimal temperature of 100 C. The ideality factor was approximately a constant (2.8 AE 0.09) within the limits of experimental errors in the annealing temperature range [27] have confirmed that the annealing process reduces the number of ÀOH bonds and increases the grain size. Based on these results, it may be concluded that the improvement in the ideality factor is caused by the removal of undesirable surface states and the enhancement of mobility at an optimum post metal deposition annealing temperature. It is further observed that the structure becomes leaky after the annealing temperature increases beyond 200 C. The ideality factor becomes as high as 17 when the temperature is nearly 250 C. A dramatic change in the ideality factor indicates that the annealing causes changes of interface structure to a significant extent. New interface phases appear at the contact interface layer by interactions between metal and ZnO at high temperature. The different phases have different work function values which lead to different values of contact barrier. Moreover, diffusion from metal to ZnO layer increases the electron density of the ZnO layer [5] . C. This can be understood from the variations of the ideality factor as a function to annealing temperature (see Fig. 6 ) and from the variations of the rectification ratio (RR) as a function to annealing temperature (see Fig. 7 ) of the device. The ideality factor becomes 17 at 250 C. This indicates that the current transport cannot be described by thermionic transport alone and that other transport mechanisms must be dominant. The leaky I-V characteristics of the device beyond 200 C also suggest that current transport via tunneling cannot be ruled out. Further, RR reduces significantly above 200 C, and it becomes 3 at 300 C. The fall in the RR at higher annealing temperature (beyond 200 C) accounts for the increase in carrier concentration in ZnO film. The increased carrier concentration lowers the Schottky BH, and the contact tends to behave more like an ohmic one. A smaller depletion width will make the tunneling of electrons through the barrier easier, leading to a lower value of contact resistance [31] . Fig. 7 shows the variation of contrast ratio and rectification ratio with an annealing temperature for the Schottky barrier photodiode. It is seen that the contrast ratio improves significantly up to an annealing temperature of 200 C. Post metal annealing enhances the contrast ratio by one order in this range. The variation of contrast ratio harmoniously follows the variation of rectification ratio with annealing temperature up to 200 C. This enhancement in contrast ratio is due to the reduction in reverse saturation current with an increase in annealing temperature, as reported by others [16] . Above 200 C, there is little correlation between the variations of contrast ratio and rectification ratio with annealing temperature. This can be attributed to the combined effects of interfacial reaction and phase transition during the annealing process at high temperature. A comparison of the results of our study with those reported for the Au/ZnO Schottky diode by others reveals that the Au Schottky contacts result in poor current-voltage characteristics and degrade easily with thermal cycling of the samples [2] , [12] , [14] , [16] , even at an annealing temperature as low as 365 K due to the reaction with the ZnO surface [14] . The present study shows that the thermal stability of Au/Cr is better than that of the Au Schottky contact on ZnO since the degradation starts in the former case only after 473 K. Therefore, addition of Cr as an adhesion layer improves the thermal stability of the device.
Conclusion
In this paper, fabrication, characterization, and testing of the thermal stability of the Schottky-type UV photodetector based on thin film ZnO have been reported. The study reveals that the electrical (saturation current, rectification ratio, and ideality factor) performance of the device in general improves for post metal deposition annealing at 100 C. The performance remains thermally stable in the annealing temperature range of 100 C to 200 C. The device performance degrades dramatically when the annealing temperature is increased beyond 200 C. Further, up to an annealing temperature of 200 C, there is a fair amount of correlation between the photoresponse (measured in terms of contrast ratio) and the electrical parameter (measured in term of rectification ratio). Beyond 200 C annealing temperature, there is no correlation between the variations of photoresponse and electrical parameters of the devices. The variation of performance with thermal treatment may be attributed to interfacial reactions of metals (Cr) with ZnO and the phase transitions of the chromium oxide during annealing.
